The Vapor Phase Catalytic Ammonia. Removal (VPCAR) technology has been previously discussed as a viable option for. the Exploration . Water Recovery System. This technology. integrates a . phase. change . ,process with catalytic oxidation in the vapor phase to produce potable water' from exploration mission wastewaters. A developmental prototype VPCAR was designed, built and tested under funding provided by a National Research.
INTRODUCTION...

The Vapor Phase Catalytic Ammonia Removal (VPCAR) unit was funded through Ames Research Center (ARC) as a candidate technology for the Exploration Water
Recovery System. The core of the technology is the Wiped Film Rotating Disc (WFRD), designed and built by Water Reuse'Technology. Hamilton-Sundstrand'Space Systems International .integrated the WFRD into a functioning system., adding the required pumps, compressors;, valuing, instrumentation; and plumbing fo support hardware operatior ►. Test of the unit was performed at ARC with ersatz solutions to establish initial performance metrics (1) . However, to fully assess the viability of this technology for an ELS. mission, long duration testing. with actual. wastewaters was needed. The capability to perform this type of integrated test is available. at the Marshall Space Flight Center (MSFC) Environmental Control and Life Support (ECLS) Test .Facility, where engineers have conducted development and qualification tests of the ISS Water Recovery System for almost 20 years: At the ECLS Test Facility, test volunteers support the generation of all wastewaters anticipated from ELS missions, including urine and crew latent from respiration/perspiration and hygiene activities. 
VPCAR TESTING
The primary . test objectives for the. VPCAR were to assess the long term performance of the VPCAR when processing pretreated urine: and humidity condensate at a 98% water recovery rate. This recovery rate is higher than the-rate of ' 94% currently -established for e other phase-change processes (including Vapor Compression Distillation technology to be used on International Space Station). The basis for the additional water recovery is through the wiped film process, in which a wiper blade continually-sweeps the. surface of the evaporator disc in part to prevent. the precipitation of solids #hat would inhibit the evaporation/condensation process. The wastewater used in the test is defined in Table 1 . Urine .was collected from volunteers and treated with 250 ml of flush water (deionized water), 5 g of ozone, 2.3 g of sulfuric acid, and 1 g of potassium benzoate . per fiter of urine in order to both chemically and microbiologically stabilize it. Humidity condensate was generated by test volunteers that performed .exercise and hygiene activities in an enclosed .chamber at the MSFC ECLS Test Facility. Water '.quantities used. for hygiene activities' were 1 https://ntrs.nasa.gov/search.jsp?R=20090028674 2020-03-31T14:25:52+00:00Z consistent with that used on the International Space Station.. .The condensate was collected with a condensing heat exchanger and delivered'to the VPCAR waste tank for processing withthe pretreated urine. A condensate supplement ersatz was added to the condensate to add contaminants hat are not present-in the test facility condensate at concentrations expected in an ELS mission. 
VPCAR Description
A simplified schematic of the. VPCAR. process is provided in Figure 1 . The wastewater is fed to the W FRD evaporators at a pressure of 40-100 tors and a temperature of 50 -60 °C. The WFRD is composed of 4 evaporators operating in parallel, each with a wiper blade that 'serves to maintain a thin liquid .film on the evaporator surface fior optimum thermal efficiency while also preventing precipitation on the evaporator surface. The vapor phase generated under these conditions is removed , by the compressor. and senf to the catalytic reactor at an 'elevated temperature and pressure. Nonvolatile species remain in the waste brine,-which is circulated through the evaporators with periodic addition of feed and removal of brine to maintain' the water recovery rate. The compressed vapor is mixed with gaseous. oxygen .and passed through an oxidation reactor to react the volatile organics. The vapor phase. is then fed.. to two'_condensers, ..one between each set of evaporators. The compressor insures hat .the condenser is operated at a higher temperature than the .evaporator: Because the evaporators and condensers are separated by only a thin_metaldisk, the latent heat from the condensing water transfers itself to the evaporator to support the evaporation of the incoming feed' water, thus recycling the thermal. energy. The product water is pumped out of the condenser while the excess oxygen 'and non-condensable gases are removed by the vacuum pump.
Ih the VPCAR delivered to MSFC, a reduction reactor was,also employed for. further treatment of the vapor phase. However, this reactor was removed at MSFC since the targeted contaminants can be more readily removed by the habitat's Trace Contaminant: Control System that will be :present on any manned mission using a Water Recovery System. A vacuum pump is used to remove the non-condensables (vented to the environment) and maintain the system. at vacuum conditions. Water vapor in the vacuum line is condensed and removed prior to the vacuum pump. Figure 1 . VPCAR Schematic
VPCAR Operation
The objective of the test was to operate the VPCAR continuously with the system in standby only during wastewater. transfers. All facility tanks were on scales that read into the data stream to record changes in mass for all .fluids entering and leaving the system. in order to maintain an accurate mass balance.
Initially .the .VPCAR was operated without .allowing any brine to leave the system in order to reach 98% recovery. Based on volume calculations of the brine loop, it was determined' that approximately 45 kg (100: Ibs). of feed must be processed to achieve this recovery rata Dnce the brine loop was concentrated, brine was metered out of the loop while feed waterwas added to maintain a 98%'recovery rate. This was done based on a software algorithm that allowed 0.023 kg (0:05 Ibs) of brine to leave; the system for every 1 . :13 kg (2.5 Ibs) of feed added to the loop according to scale weights:
Oxygen was; injected into the system at a rate of 500 mUmin, 2068 torr (40 psig), which correspondsto a mass flow rate of 1.06 kg/hr, to feed the oxidation reactor. System requirements were to run at a rate: of 1 Umin, 1551-2585 torr (30-50 psig), which corresponds to 2.12 kg/hr. However, during checkout testing; this higher flow rate caused the compressor power to increase due'to the vacuum system not being .able to 'remove the excess oxygen as quickly as it should.' Water . quality was monitored to ensure. that it was not affected bythe lower oxygen flow rate. r Samples were taken of the condensate, pretreated urine, combined waste, brine, and : product water to assess VPCAR performance. Sample analysis ensured that product water quality. was acceptable and helped to verify the recovery rate based on the percent solids in the brine loop. The second' test run lasted for 2 days. Again, the production rate, -temperatures, ..and pressures were at acceptable levels for the first day"and a half of testing. The production rate then began to decrease and a significant rubbing. noise from inside`the WFRD became evident. The citric acid 'flush was repeated to again attempt to remove any scaling that might have formed inside the: evaporators.. In each of the four evaporators, crystalline brine was found inside the evaporator covers with the worst being in the LL evaporator.. Figure 4 shows the precipitation in each evaporator. Samples were taken for analysis with the results provided in Table 2 The data was generated the .precipitation and oil, the pickup tubes were repaired, system tubing contaminated with the oil was replaced, and the hardware was reassembled. .Furthermore, the tubing that feeds the WFRD was leaking significantly into the 1-G sump: This caused the level sensor in fhe sump to frequently require the sump to be pumped out (back to the feed). Two failed. tubes were repaired and another reinforced. Finally, the system was operated .with: deionized water to flush out any residual. oil left , in the plumbing.
RESULTS
Three
Test Run 3
The final attempt at a . long duration run at 98% recovery lasted 14 days. The production rate was initially at an acceptable level and the system reached concentration during day 5 (due to the amount of time the system was operated on a daily basis before . continuous run was initiated) at which time the brine ejection logic was enabled. At this point, the brine loop was at 25.5% solids. The last brine sample taken was on test day 11
and the percent solids .had increased to 30.8% even though thelogic was set to maintain 98%'recovery.
Production rate began to drop near the end of test day 7 and continued to decrease for the. remainder of the est.
As with the previous two tests, pressures and temperatures decreased and did not return to their initial operational values. Figure 7 shows plots of T2, T12, T9, and T10 during a 5 ..hour .operational period of good production rate as compared to a 5 hour operational period of low production rate.
T2, which is the temperature of the feed before entering During this test run, the . rubbing noise inside the WFRD continued to get worse. Several shaft position adjustments were made in an attempt to alleviate the rubbing, but never succeeded. in addition, an imbalance in the WFRD shaft was observed. This imbalance occurred anytime the. brine was fed to the evaporators. When the evaporators .were operated without the brine feed, there was not a rotational issue. Finally, while observing the imbalance, the motor shaft that drives the WFRD broke in the same location as noted in Figure 2 . Following this failure, no further testing of the VPCAR was pursued.
Before the rotating sumps were removed from the system, brine samples were taken from each evaporator, the brine tank, and the gravity sump for comparison. Table 2 shows the sample data. These. resultsshow that the concentration level inside the evaporators is higher than that of the brine tank as seen by the %solids value. When taking . system . samples, a sample .port just upstream of the brine tank is used. This data shows that the solids concentration level inside the system is actually higher than the concentration level in the brine removed from the system. The evaporators were disassembled to look for any source of rotational imbalance.. A' significant amount-of precipitation was seen on the rotating. sumps and shaft that seemed to be "baked on" brine. This was not evident during the previous disassembly. Most likely, the repair performed on the feed tubes eliminated a significant source of Jiquid ,into the 1-G sump. As a result, the limited brine hat escaped the evaporator had more opportunity to "bake" onto the surfaces. As with the previous disassembly, precipitation had occurred in the evaporators.... However, the precipitation was not solid crystalline as before. •.,i.:,^:::-<.:::>>::>:::::•^»>:r.>:^::::>:>:>:<::<::«::::<:::: Several-modifications were made to both hardware and software to im rove the o eration of the VPCA .}:..^. Gravity Sump Control -Originally the software caused the gravity sump to empty to the brine tank each time L3, the float valve inside the sump, went high. This did not allow the system to maintain its desired concentration level because of the quantity of brine leaving the system. Software was modified to return the gravity sump into the feed stream instead of dumping to the brine tank. However, if L3 remained high for more than 20 seconds., then it sent the brine in the sump to the brine tank. Also, the float valve that triggered. L3 in the gravity sump failed during testing. It was replaced with an identical part and functioned properly for the remainder of the test.
During the inspection of the failed float valve, a significant amount of black particles could be seen inside the bottom of the sump. These were determined to be from the drive belts inside the WFRD. A mesh screen was sealed over the opening of the sump to catch any particles that might get into the system fluid lines and cause other hardware damage.
Air Injection -An air injection pump was added to the feed loop to provide 5% free gas in the feed #o meet requirements for free gas in the waste water. This gas quantity is representative of the quantity observed on the International . Space Station and expected during ELS missions. This pump was controlled by facility software and allowed air injection at a rate of 40 ml/min:
System Feed Heater -In order to facilitate evaporation in the WFRD, the feed ,entering the system passed first through an inline heater to raise the temperature: This was only necessary during the initial operation. After steady. state was achieved, the. inline heater was manually turned off to prevent overheating and causing a system shutdown. Early in system checkouts at MSFC, this feed heater failed. It was replaced by two 300 W facility heaters installed in series and controlled by facility software to a temperature range of 54.4 -65.6 C (130 -150 F) based on T1. This prevented <any system shutdowns .due to the feed heater not being turned .off manually. Figure 10 ). This allowed feed to leak into the WFRD housing and cause the gravity sump to be high on a , regular basis... The two .broken tubes were repaired and the third was reinforced to prevent .leakage. After the repair, the gravity sump stayed low almost continuously. However, sincethe WFRD housing was dryer, any brine that splashed out of the rotating sumps . became baked onto the shaft. and WFRD components.. as seen in Figure 11 . This is a normal occurrence when there is no feed leaking into the WFRD housing.
Figure 11. Precipitation in WFRD
Failures Related to Design Issues -Pumps B and CThe initial system configuration had pumps B and C, product and brine respectively, at an elevation lower than Ghat of the W FRD. This allowed for gravity to assist with moving fluid through the system. Since there is no gravity assistance in a microgravity situation, both pumps were initially elevated to remove this help. However, neither pump was able. to overcome the vacuum level of thesystem and were returned to their original positions.
During initial operation, the system would not produce enough product water to keep a steady flow through the product water pump . (pump B). This caused it to run dry and damage the gears. After multiple failures with the gear -. pump heads for Band C, both pumps were removed from the system.. Beforetest run 2, they were replaced with one 4-channel peristaltic pump similar in design to that used by the Urine Processor Assembly.
Thisl modification made a significant impact on the operation of the system. ..During system checkouts and test run 1 it could take up to 3 hours for any product water to leave the. system. Once the peristaltic pump was .installed, the system began producing water almost immediately.
A pressure ransducer was added to the outlef side of Product. Water Line -Once the peristaltic pump was added to the system to replace the brine and product water pumps,. it was observed that . much of the product water was leaving the WFRD before it had condensed. A .facility heat exchanger was added on the product water line upstream of the peristaltic pump inlet to help. this vapor condense. 'When the peristaltic. pump was added to the system, clear tubing was used . to connect it to the WFRD. `The ability of the peristaltic pump to move two phase flow .showed that vapor;. was leaving the condenser, however since there was no clear tubing when the gear. pumps were connected it can not be determined if the cause of the vapor. leaving the WFRD is due to the ability of the peristaltic pump or the .operation of the system.
Vacuum Pump -Due to the nature: of the VPCAR operation, the vacuum pump runs continuously. Because of the large flow rate of excess oxygen and other non-condensables in the VPCAR system, a significant amount of product water was pulled .through the vacuum line and did not fully. collect in the water trap upstream of the pump. Since the scroll vacuum pump is not designed to pump water vapor, this mode of operation eventually degraded the pump performance to the point that it could not pull down the system to an appropriate starting pressure without the help of a facility pump. Anew scroll was placed inside the pump and it operated well. However, by the end of the final test run the pump operation had again started to decline.
Water Quality
Due to the duration. of the test, limited water quality data was acquired. TOC ranged from. 1 to 8 mg/L in the product water tank (see Figure 12} . The only organic identified in the limited analyses was urea at a concentration of 6.7 mg/L on Day 6. Urea accounted for all of the measured TOC on this day, though this was the lowest TOC value measured .during the-test. Given the #act that no alcohols (C1-C4) or acetone were identified in 2 separate product water samples, it is likely that the catalytic reactor was effective at removing these contaminants. Since urea is not very volatile and is relatively easy to oxidize at elevated temperatures, it is very possible that its presence in the . product .water is indicative of a leak from the evaporator into the condenser. Additional testing. will be required to fully assess the organic quality of the. product water, though lower TOC levels may be easily achieved with the development of an improved catalyst or a higher reactor temperature. Another possibility is the use of adsorbent media in a polishing' bed for the product water to reliably meet <3 mg/L in the product water (current NASA specification). The pH of the. product water ranged from 4.4 to 6.7; while conductivity results ranged from 30 to 83 µmhos/cm. Again, only limited analytical data was available, but the ionic characterization indicates that the vast. majority of inorganic constituents . were identified. Though some ` inorganic-contaminants may have volatilized and passed through the catalytic reactor, it is expected that the inorganic species were either contamination #rom the product water plumbing, oxidation by-products from the catalytic reactor, or were present in the product water due to a leak from the evaporator. Table 4 provides a summary of the inorganic data: Phosphate, sulfate, chloride, magnesium, potassium, sodium, and zinc were .all .present in the product water samples at a concentration approximately 2.5 orders of magnitude reduced from the waste water, supporting the possibility of a leak from the evaporator, Similarly; the 'only organic contaminant identified in the product water (urea) was also present in the waste water at a concentration approximately 2.5 orders of magnitude greater. Other inorganic contaminants..that were present at lower concentrations in the waste water showed a Tess significant decrease in concentration from the brine to the .product .water, possibly .due to contamination from the product water. plumbing. Though leak tests were performed of the system to verify no leaks in the region under vacuum, no leak test was done between the evaporator and condenser. Further investigation of the hardware .and seal design would be required to .determine if a system -leak was the reason forahe contamination. If the source of the contamination is primarily from the .product water plumbing, improved materials selection may eliminate the contaminants; from the product water. Given the uncertainty in the potable water quality due to the limited data set and the potential for leakage from the brine, no conclusions. can be made regarding the need for posttreatment of the VPCAR product water. ^..._..._.......:....v.......w........w....._ ....................   -----_^..._.._--___ One objective of this test was to fully automate VPCAR operations using facility software, including transfer of waste water to the VPCAR waste tank. However, various .operational issues presented themselves over the course of testing that: required almost' continuous ,monitoring'.. of the .hardware to insure operation. .The following discussion will address these issues and their potential impact on the continuing development of the VPCAR technology.
Svstem Pressure Transducers
Several of the system pressure transducers required recalibration on a regular basis.
Keeping these transducers .calibrated. was essential for VPCAR process, including feed .intake and system startup. Often times . the. actual pressure would. be approximately 10-12 torr .lower than what the data stream was reading, however this amount was significant enough to effect ..system .operation. There were several instances where there would be a system. alarm. causing a shutdown due to pressure ,deltas over the acceptable limit .when the actual pressures were much lower once the transducers were calibrated. It is recommended that-a higher quality pressure transducer be chosen for the VPCAR.
Svstem Vacuum Pump
As was previously discussed, the system vacuum pump had difficulty. maintaining a system pressure low enough for start .up. .Even after the scroll was replaced in the pump, instill. had operational problems. In.order to start up the .system, either . a facility .vacuum pump was required or the compressor had to be operated in manual mode to help' the system pump to achieve the startup pressure which is based on the vapor curve for T12. By alleviating the.. amount of product water that leaves the system through the vacuum dine, the life of the vacuum pump would be extended and could prevent the need to assist it at startup,
Svstem Feed Intake Control Logic
Feed intake is based on the pressure difference between P7 and P2 (the pressure of,feed entering the WFRD and vapor; exiting the W FRD to the compressor respectively). A feed 'intake . setpoint is manually entered into the software and then the. control logic pulls in feed based on the P7-P2 pressure delta. However,..during. early operation .the system requires a greater amount of feed intake: until it reaches a temperature and pressure supporting a consistent ...production .rate. Once the production :rate increases, the ` P7-P2 delta greatly decreases and can pull in too much feed if the setpoint is not lowered. In order to alleviate the need of constant monitoring, facility software.. was used to control the setpoint baaed on temperature. However, there were still times the setpoint had to be manually monitored. If there was )ow production rate, less feed -would be required and -the setpoint would need 'to be adjusted to prevent flooding inside -.the WFRD. Once production rate increased again more feed was needed or it would run dry. Thus, the setpoint had to be adjusted based on current system operation.
Compressor Temperatures
When the hardware was received, .there. were. 5 thermocouples .placed on the body of the compressor that were not read into the data stream. Before the third test run these',. thermocouples were set to be monitored continuously by facility software. Multiple system shutdowns were observed due o one of the compressor thermocouples. exceeding the temperature .setpoint. To .cool the compressor, a facility fan was used to provide a continuous air flow over the compressor. Besides the impact to the overall power availability. for the mission, the additional power consumption places a significant burden on thermal management processes; including the coolant system and the habitat's temperature control system. This issue will limit the applicability of the VPCAR for missions with power and thermal constraints.
Also, the VPCAR must address acoustics to be considered a viable candidate for the Exploration . Water Recovery System. Though no specific acoustic measurements were .taken during the test, the noise levels are obviously significantly above the .existing NASA standards of NC-40, .The mechanicaF design . of the VPCAR will require modifications specifically to address the acoustics, and most likely additional .noise abatement measures will also be required external to the system to meet acoustics requirements.
Finally, the VPCAR has specific mechanical issues that must also be resolved. The compressor and motor shaft employ oil-based lubrication, which is not viable for the flight hardware. .The motor-driven shaft that fractured twice during the test. must be redesigned to provide a more stable mechanism for shaft operation.
CONCLUSIONS
The specific objectives for this test could not be accomplished due to the various hardware failures encountered during operation. In spite of this limitation, however, significant findings were achieved that provide critical insight into the current state .of the VPCAR technology and. a direction for future improvements. First, this test showed that the current design of the VPCAR cannot achieve 98% recovery.. Though the VPCAR WFRD design provides the potential to exceed the water recovery of other phase change technologies, at this point additional design improvements and subsequent testing must: be .performed to quantify the VPCAR advantage. Second, the VPCAR system .tested at MSFC must address the various design issues specified herein before proceeding with additional testing to justify a Technology Readiness Level (TRL) of 4. Finally, the VPCAR control scheme needs to be .evolved to better control the VPCAR process.. The VPCAR process... is a combination of interdependent unit operations that must be optimized for the system to achieve maximum performance. This can only be accomplished' by further testing to more fully understand the thermodynamic processes in the VPCAR and how to .best control them through. the startup and nominal operations.
In spite of these issues, the VPCAR continues to possess. advantageous design features. Vapor phase oxidation is a more efficient. method for removal of organics #han aqueous phase, though the resulting oxygen and power consumption must be fully assessed to determine the viability of this technology for exploration missions. Furthermore, the wiper feature has the potential to improve water recovery by reducing precipitation effects on the evaporator surface, assuming the incorporation of design and/or operational modifications prevent precipitation in other regions of the brine loop from impacting system performance. Ultimately, further development of this technology wilt be required to advance it to the point that it is a viable candidate for exploration missions
